We examined the adhesion of carbon nanotube films coated on transparent substrates. Single-walled carbon nanotubes (SWCNTs) dispersed with sodium dodecylbenzene sulfonate (NaDDBS) in water were sprayed onto polyethylene terephthalate (PET) and polyethylene naphthalate (PEN) substrates to form thin films. Scotch TM tape was then used to detach some loosely bound SWCNTs. Conventional peel-off method to measure adhesion fails in carbon nanotube (CNT) film mainly due to ill-defined detached area of entangled CNTs. We propose here a new adhesion factor which is defined by using transmittance before and after detachment. The adhesion factor was strongly correlated to film thickness. We also found that the SWCNT adhesion to the substrate was strongly dependent on the surface roughness of the substrate due to mechanical interlocking effects.
Introduction
Interest in transparent and conducting carbon nanotube films has recently increased due to their potential uses in numerous applications such as touch screens, random network transistors, common electrodes for displays, EMI shielding, organic light-emitting diodes, batteries, capacitors, and fuel cells. 1−6 In particular, SWCNT-based films possess high transmittance and low resistance with excellent flexibility, making them suitable for a number of practical applications. 7 The film is usually prepared by solution processes such as spraying, spin-casting, dip coating, dielectrophoresis, or ink jetting. 8−12 Another criterion determining the suitability of the CNT films for practical applications, in addition to transmittance and sheet resistance, is an adhesion of the CNT film to the substrate. Coating properties of SWCNTs depend on the interface condition between the substrate (physical factor) and the functionalization of the CNT films (chemical factor). Unfortunately, the conventional methods of measuring adhesion strength, such as the peel-off method, 13 four-point bending method, 14 direct full-off method, 15 scratch test, 16 and blistering method 17 are not applicable to the measurement of adhesion of the CNT films. CNTs are randomly oriented and attached to the substrate. To make it worse, CNT lengths are typically a few micrometers long, whereas thickness of the CNT film is typically less than 100 nm for a film with a transmittance of greater than 50%. The peel-off method uses a defined area where the CNTs in a certain area of meshes are peeled off by the taping so that a portion of the detached area can be taken into account. Therefore, for the randomly oriented CNT film where the detached area cannot be well defined, ASTM D3359 is the only applicable method when the deposited film is thicker than 130 µm. 18 Another interesting issue is the substrate dependence. Adhesion in general relies not only on the chemical properties of the substrate but also on the surface morphology.
The purpose of this paper is: (i) to define a new method of evaluating an adhesion factor of the CNT films to substrates, and (ii) to find out what physical conditions improve an adhesion of the CNT films. Two substrates with different degrees of surface roughness were chosen for testing, and SWCNT solutions were deposited on these substrates by spray method. SWCNTs were then peeled off using Scotch TM tape, and an adhesion factor representing the difference in transmittance before and after detaching the tape was calculated. Unlike other conventional films, the resistance of the CNT coating to mechanical deformation involved not only adhesion to the substrate but also cohesion between CNTs in estimating adhesion factor. We observed a strong correlation between adhesion factor and SWCNT film thickness. Our results also suggest that the mechanical interlocking 19 between SWCNTs and substrate plays an important role in improving physical adhesion.
Experimental Methods
To fabricate SWCNT film, arc discharge SWCNTs (HanHwa Nanotech) with diameters of 1.2 ∼ 1.6 nm and lengths of a few tens micrometers were dispersed in deionized water (DI water) with NaDDBS surfactant (SWCNT:NaDDBS = 1:1). This solution was ultrasonicated for 30 min in a bath-type sonicator (Powersonic 505) at 400 W, and then further agitated for another 20 min in a homogenizer (ULSSO Hi-Tech, ULH 700S) with a power density of 9.38 W/mL.
In order to remove large bundles of nanotubes, the solution was centrifuged (MEGA 17 R) at 12 000 g for 20 min. The supernatant was carefully decanted to use in an x-y movable spray coater to coat the substrate. Two substrates were chosen to test the effects of surface roughness: poly(ethylene terephtalate) (PET) and polyethylene naphthalate (PEN, Teonex Q65FA). The temperature of the sample holder was maintained at 100 • C for uniform deposition of SWCNT micro droplets during spraying. The fabricated film was rinsed in DI water several times to remove the remaining surfactant followed by overnight drying in a vacuum oven.
To test adhesion, films were peeled from the substrate using Scotch TM tape (3M Magic Tape 810D). The tape was adhered to the film by rubbing the entire surface area using constant pressure. The influence of the variance in the rubbing pressure and detachment speed was negligible in evaluating adhesion factor of the film. Transmittance was measured using absorption spectroscopy (500-600 nm, Varian Cary 5000). The beam spot size was 12 mm and the maximum absorbance was 5. The sheet resistance of the film was measured by a fourpoint probe (Keithley 2000). The morphology of the film was observed by field emission scanning electron microscopy (FESEM JSM7000F, JEOL) and atomic force microscopy (AFM, Seiko SPA400). Figure 1 shows a schematic of the adhesive force. When CNTs are detached by a peel-off, a cohesive force exists first between CNTs and CNTs.
Results and Discussion
After repeating peel-off, an adhesive force exists between CNTs and substrate. Since the CNT lengths are generally a few µm long and thickness of the film is typically less than 100 nm, the cohesive and adhesive force may play a role even from the first stage of peel-off. Adhesion will be dominant at a later stage. Figure 2 (a) is a SEM image of the CNT films on anti-glare-coated PEN substrate prepared by the spray method. SWCNTs were uniformly distributed over the surface with an average film thickness of 110 nm and transmittance of 55% at 550 nm wavelength. After one trial (i.e., application and removal of tape), some SWCNTs were peeled off over the entire film surface and the film thickness was reduced to 55 nm (Fig. 2(b) ). In spite of significant detachment of SWCNTs due to weak cohesive forces among the CNT network, no specific local areas of complete SWCNT removal were observed. After five sequential trials, some weakly bound individual or small-size bundled SWCNTs were removed and large-size bundled SWCNTs remained, as shown in Fig. 2(c) . The film thickness was reduced to 37 nm. The transmittance was still increased from 75 to 82% after taping five times, as shown in Fig. 2(d) . After ten times of taping, the film thickness was reduced to 32 nm and the transmittance became 85%, indicating a saturation of detachment of the CNT network.
We next measured the sheet resistance (or sheet conductance) as a function of the number of trials. The process of applying and peeling off tape removes portions of the CNT network from the film and therefore sheet resistance is expected to increase. As shown in Fig. 3(a) , the inverse of sheet resistance, sheet conductance, and film thickness decreases with number of trials. The CNTs on antiglare-coated PEN film has initially the sheet conductance of 0.02 (Ω/sq) −1 at a transmittance of 54%. This was reduced to 0.0026 (Ω/sq) −1 at a transmittance of 82% after five trials. The film thickness was reduced in a similar manner. These trends were also seen for a thinner film, as shown in Fig. 3(b) . In this case, the transmittance of the initial film was 79% with an initial film thickness of 42 nm, which was reduced to 88% at a final film thickness of 28 nm after five trials. It should be noted that the thickness change was more significant in the thicker film than in the thinner one, particularly in early trials, as shown in Fig. 3(a) . This was attributed to the weaker cohesive energy which dominates the detachment of the CNTs at thicker film particularly at early stage of taping. Saturation of film thickness and similarly sheet conductance at a later stage of taping simply indicates the dominant mechanism of adhesion to the substrate. This difference is rather unclear in the case of thin film, as shown in Fig. 3(b) . This is attributed to the fact that nearly all the CNTs are adhered to the substrate independent of the thickness.
Our next concern was to define an adhesion factor for random network CNTs. The conventional method of evaluating adhesion in terms of the ratio of the detached area to the unmodified area in the cross cut method simply fails in the case of random network CNTs because CNTs are uniformly detached over the whole area. 18 Moreover, the cross cut areas are not easily formed in CNT films due to random entanglement of CNTs, and therefore the definition of a new factor is required to describe adhesion of the CNT films. One option is to calculate the change of the thickness as a function of the number of tapings. However, the softness of the substrate makes it difficult to measure the film thickness by AFM. Since sheet conductance follows the same trend as the change of the film thickness, as shown in Fig. 3 , this could be a monitoring parameter. However, the taping may often lead to alter the network contacts within the CNT network, provoking uncertainty in the measurements. The difficulty arises particularly at a film with high transmittance of greater than 85%. We therefore define a new adhesion (or cohesion) factor incorporating transmittance which can be easily measured from absorption spectroscopy:
where f is an adhesion (or cohesive) factor, T n and T 0 are transmittance of the detached film after n trial and pristine samples, respectively. When T n = T 0 , f = 1, and no CNTs are detached, demonstrating perfect adhesion and cohesion. When T = 100% (base substrate without CNTs), f = 0, and no CNTs are left on the film, demonstrating no adhesion. This definition has an advantage over the definition using sheet conductance due to the existence of clear boundary conditions. Figure 4 shows the change of the thickness and adhesion factor as a function of the number of tapings. In general, adhesion of CNTs is affected by two factors: (i) cohesion between CNT themselves and (ii) adhesion between CNTs and substrate. When the CNT film is thick enough (> CNT length), the cohesion dominates the adhesion factor. However, when as-prepared CNT film thickness is shorter than CNT length, some portion of CNTs is adhered to the substrate and therefore not only cohesion but also adhesion force plays a role in adhesion factor. As seen in Fig. 4(a) , in the thicker film with an initial transmittance of 54%, the film thickness decreased rapidly at first taping and saturated gradually to give the adhesion factor of 0.39 and a transmittance of 82% after five tapings. In the first taping, individually or small-size bundled CNTs were easily detached due to weak van der Waals forces, as confirmed in the SEM images in Fig. 2 . These CNTs were further detached as the taping continued. Since part of the CNTs near the top region were adhered to the substrate as shown in 1 , which is possible due to the long CNT length and thin film thickness of less than 100 nm, not only cohesive force but also adhesive force was involved in this region. Similar trend was also observed in the case of thin film (initial transmittance is 79%) (Fig. 4(b) ). Although the final adhesion factor of the thin CNT film is slightly higher than that of thick CNT film, we believe that this difference falls within error bar. In order to test the thickness and substrate dependence, we chose three different surfaces and measured the adhesion factor for CNT films with various thicknesses (d: 35-100 nm). Independent of the film types, adhesion factor did not vary appreciably with thickness, as shown in Fig. 5(a) . The standard deviation of the anti-glare-coated PEN film (PEN F) was the smallest among others. The reason is not clear at this moment. It may result from the uniformly coated of CNTs due to surface roughness, as will be discussed later. It is also noted that the adhesion factor is strongly substrate dependent. To test this, the PET and PEN films were used. In order to assess the surface effect, the surface morphology was measured by AFM (DFM mode), as shown in Figs. 5(b)-5(d) . The PET film shows the highest degree of RMS roughness of 11 nm, whereas the untreated (PEN B) and anti-glare-coated PEN (PEN F) surfaces are relatively smooth with RMS roughness of 2.3 and 4.8 nm, respectively. The adhesion factor is directly proportional to the surface roughness of the film. Strong adhesion related to high surface roughness is ascribed to mechanical interlocking between substrate and CNTs, although the possible contribution of the chemical effect cannot be excluded in this limited analysis.
Conclusion
In conclusion, we introduced a new method for evaluating the adhesion of carbon nanotubes in transparent conducting films. This new method monitors cohesion and adhesion via absorption (optical) spectroscopy by calculating an adhesion factor that is defined as a function of transmittance. With increasing number of taping, the film thickness decreases, and the sheet conductance decreases similarly. Surface roughness varied by substrate and affected adhesion factors. Differences observed in the CNT film adhesion are due to the mechanical interlocking of nanotubes. This new method can be adopted as a new protocol to evaluate TCF adhesion.
